It is well known fact that alternating current(AC)of 50c/sec is more effective than repetitive square pulses(SP)to generate the contraction of skeletal muscle,suggesting that AC has an action for muscle to contract,besides the generation of action potential.Some experiments have been done on the effectiveness of the internal current for the initiation of contraction (CSAPO and SUZUKI,1958; CSAPO,1959) .On the contrary,TAYLOR(1953),STEN-KNUDSEN (1954, 1960) and WATANABE(1958) has pointed out that the applied current did not act on the contractile substance directly but through depolarization of membrane.And then, HODGKIN and HOROWICZ(1960) successfully determined the quantitative relation between depolarization and tension of potassium contracture in the single muscle fibre.On the other hand, KATZ and Lou(1947) , STEN-KNUDSEN(1954) and CSAPO and WILKIE(1956) showed the contraction of non-propagating muscle in excess potassium solution by the application of AC.They suggested that,in excess potassium solution, not the spike potential but the local response would be the cause of contraction. But no information has been submitted whether or not the local responses are also repeated in normal Ringer solution during repetitive stimulation.The answer to this question was clearly given in the previous paper (MASHIMA and WASHIO,1968) .Namely,the electrical responses evoked by AC or SP were separated into successive three phases;the phase of spike potentials,the phase of alternating spike and local responses and the phase of summated local responses.
Recently,however, COSTANTIN and PODOLSKY(1967) have shown the evidence that the skinned fibre could be contracted by electrical current and LEE et al. (1966) also have found that the isolated sarcoplasmic reticulum could release Ca++by electrical stimulation.These facts imply the possibility that the muscle could be activated by electrical current irrespective of the changes in membrane potential.
The following experiments were undertaken to examine the mechanical responses generated by AC or SP and to determine the relationship between . electrical and mechanical changes during contraction ,referring to the results in the previous paper.Some of the results were already described in the preliminary report (MASHIMA and TSUCHIYA,1967 1. Mechanical responses generated by longitudinal AC field a) Effect of field intensity.When the muscle was stimulated by longitudinal AC field with the frequency of 300c/sec for 0.5sec,two peaks were observed in the tension curve at the intensity below 3V/cm (FIG.2) .The peak tension of the early contraction was not increased at more than 1V/cm, but that of the late contraction was gradually increased with the field intensity until it exceeded the first contraction (FIG.3) .Two contractions were fused at more than 3V/cm (FIG.2) . .This result reveals that only single spike potential was generated at 500c/sec AC stimulation as shown in the previous paper.
For the strong field intensity(8V/cm),the two peaks were fused below 500c/sec but they were also separated in the range between 500-2000c/sec. Both peaks,especially the late contraction,were decreased with increasing frequency,and at 5000c/sec no contraction was observed (FIG.7 ,L and 8,L). c) Selective inhibition for the early or late contraction.At 200c/sec and 2V/cm,the two peaks were clearly distinguished in the tension curve (FIG.4,  A) .But after the muscle was immersed into excess potassium solution(9mM K+-Ringer solution),the early contraction selectively disappeared remaining the late one (FIG.4,B) .On the other hand,raising the frequency up to 1000 c/sec,the second contraction was exclusively minimized (FIG.4,C) . In the previous paper it was found that the mean depolarization of membrane potential during AC stimulation was about 30-40mV in normal Ringer solution as well as in excess potassium solution,in which no spike potential was evoked.Moreover,it was also elucidated that the spike potentials disappeared after 100msec from the beginning of 200c/sec AC stimulation and one or few spike potentials were observed at more than 500c/sec.Therefore, it is concluded that the early contraction is an ordinary tetanus caused by the repetitive spike potentials but the late contraction is a contracture response generated by the steady depolarization of membrane,which consists of the summated local responses.
2. Mechanical responses generated by transverse AC field a) Effect of field intensity.Generally speaking,the transverse field was more effective than the longitudinal one to generate the tension.Because in the latter the depolarizing effect of the electrode was strong at the end of the muscle but very weak at the centre(CSAPO,1959),as in the former the half circumference of the membrane was depolarized or hyperpolarized along the whole length of the muscle(SUGI and KOSAKA,1964).Therefore,it was difficult to distinguish the two peaks in the tension curve developed by the application of transverse AC field in any intensities or frequencies ( T.At 3V/cm the peak tension attained almost the maximum tension of the late contraction generated by longitudinal AC,and no more increase in tension was observed in the range beyond 4V/cm.In the longitudinal AC field the depolarization by weak current would be limited at the both ends of the muscle and expanded gradually to the centre with increasing current intensity,but in the transverse AC field the whole surface could be depolarized rapidly along its whole length. Moreover,the amount of mean depolarization produced by AC was almost independent of the intensity of the current applied,as described in the previous paper.Therefore,the late contraction in the transverse AC stimulation occurred always by the maximum strength and the rise of tension of the late contraction is so quick that two peaks were not separated.Then,it is obvious that in the transverse AC the maximum tension observed is the tension of the late contraction with a nature of contracture. b) Frequency characteristics.The tension curves obtained by the applica- is not much difference between longitudinal and transverse stimulation,because the main part of contraction was generated by propagating spike potentials at that frequency .At more than 100c/sec,the late contraction became rather dominant.The decrease in tension with increasing frequency by weak transverse AC(FIG.6,T)would be interpreted by the rise in the threshold of the local response at higher frequencies.When the current intensity was as strong as 8V/cm,the tension was maintained even at 5000c/sec (FIG.8,T ).This fact means that the sodium dependent local response could be generated even at higher frequency, provided with a stronger field.
3. Mechanical responses generated by square pulses stimulation.
In order to compare the effect of SP with that of AC,the duration of each pulse was adjusted always to be a half of the pulse interval.The frequency characteristics of the maximum tension generated by longitudinal or transverse SP and AC at 3V/cm are shown in FIG.9 .
In the longitudinal SP stimulation the tension was decreased rapidly at more than 100c/sec (FIG.9,SP,L) ,while in the longitudinal AC stimulation it was decreased gradually at more than 200c/sec (FIG.9,AC,L it is obvious that the late contraction,which is a contracture caused by tho steady depolarization around the cathod,is smaller in SP stimulation than AC. In the transverse SP stimulation the tension was decreased at more than 500c/sec (FIG.9,SP,T) ,while in the transverse AC it was decreased at more than 2000c/sec (FIG.9,AC,T) .In the transverse field the one side of the membrane along the whole length will be depolarized by SP but all surface by AC.While the spike potential disappeared soon after the beginning of repetitive stimulation at more than 200c/sec as shown in the previous paper, the gradual decrease in tension with increasing frequency may represent the decay of steady depolarization or mean depolarization at higher frequencies, due to the rise in the threshold of local response.
The effect of external sodium concentration.
When the sodium concentration of the external solution was reduced by replacing with isomolar choline,both the early and late contractions generated by longitudinal AC were decreased (FIG.10,C) case the tension was increased with decreasing frequency. The effect of 10-8-10-7 g/ml tetrodotoxin,which has been known to have a specific action in preventing the incerease of sodium conductance in nerve or muscle membrane (NARAHASHI et al.1960 (NARAHASHI et al. ,1964 ,was almost the same as the sodium reduction (FIG.10,B) .While the local response was evidently abolished by sodium removal as shown in the previous paper,the inhibitory action on the sodium conductance reduced not only the generation of the early contraction or spike potential but also the late contraction on local response. These results also reveal that the sodium-dependent local responses are responsible to the generation of the late contraction.The fact that the optimum frequency for the late contraction or the summation of local responses was in between 500-2000c/sec would mean that the duration of each local response is longer than 2msec,and that at least 0.5msec of pulse duration is necessary to evoke a local response when the intensity is 6V/cm.
The contraction generated in the sodium-free solution attained by about 30% of the maximum tension at 10V/cm,50c/sec,transverse AC stimulation. Neither spike potential nor local response is responsible for this contraction. The frequency characteristics of the tension generated in sodium-free solution by transverse 9V/cm AC or SP stimulation are shown in FIG.12 AC generated more tension than SP,but at more than 200c/sec it was reversed.No tension was generated by AC at 1000c/sec,while about a half of the maximum tension was produced by SP at 10000c/sec.The tension generated by constant current(DC)with the duration of 0.5sec is indicated on the ordinate.For the DC with longer duration,more tension was generated.
5. The effect of external potassium concentration. It has been known that the muscle was rendered non-excitable when it was soaked in Ringer solution containing about 9-12mM potassium,because no spike potential could be generated at the resting potential less than 57mV (JENERICK and GERARD,1953).However,sufficient contraction was observed in this excess potassium solution by the application of AC field(STEN-KNUDSEN, 1954;CSAPO and WILKIE,1956).The above described results shown in FIG.  4,B, indicates that the tension generated in the potassium solution by AC is a contracture caused by the mean depolarization,in other words by the summated local responses.
The frequency characteristics of the tension in the excess potassium solution is shown in FIG.13 .The tension generated by transverse AC was decreased with the increase in potassium concentration,especially at higher frequencies,but it was increased to more than 90% of the maximum tension by the increase in field intensity.In many cases the maximum tension was obtained at 500-1000c/sec,although the rate of rise of tension was slowed with increasing frequency.Of course the transverse field was much more effective than the longitudinal one .These results are roughly the same as those of STEN-KNUDSEN (1954, 1957) and CSAPO and WILKIE(1956) .
6. The effect of external calcium concentration .
Many investigations showed the prolongation or the augmentation of potassium contracture by raising the external calcium concentration (FRANK ,1960; MASHIMA and MATSUMURA,1962; LORKOVIC ,1962; LUTTGAU,1963) .The contraction generated by AC stimulation in the excess patassium solution was also augmented by raising the external calcium concentration .For example, when calcium concentration was raised to 18mM,the muscle could exert about 50% of the maximum tension even in 50mM K+ solution by 50c/sec ,12V/cm, transverse AC stimulation.
In the sodium deficient solution,in which 3/4 of Na+was replaced with choline,the tension generated by AC was decreased.But when the external calcium was raised to 3.6mM at the same time,the tension was slightly increased between 200-5000c/sec (FIG.14) .The muscle could develop tension without external calcium,irrespective in the excess potassium or in the sodium deficient solution. propionate.In the chloride-free Ringer solution,an increase in tension was observed by AC stimulation at every frequency between 50-10000c/sec,and the relaxation was apparently slowed (FIG.15) .The amount of augmentation was different from the preparation to the preparation in between 10-20%.Probably this augmentation results from the prolongation and slow decline of local contraction due to the potentiation of excitation-contraction coupling by chloride removal (MASHIMA and MATSUMURA,1962) .For the longitudinal application of AC,two peaks in the tension curve were easily separated at less frequency than in normal Ringer solution,probably because less reproducibility of spike potentials in the chloride deficient solution.
DISCUSSION
The mechanical responses generated by AC or SP shown in the present paper correspond in many respects to the changes in membrane potential, which were described in the previous paper(MASHIMA and WASHIO,1968). Repetitive spike potentials were abolished during AC stimulation within 0.1sec at 200c/sec and only one spike potential appeared at more than 500c/sec. Corresponding to the disappearance of spike potential,the early tension generated by longitudinal AC was reduced at more than 200c/sec,and only twitch response was observed at 500c/sec.The late contraction generated by transverse AC showed an all-or-none property,conforming to the mean depolarization of local responses produced by AC,which was almost independent of the current intensity below 500c/sec.The late contraction in the longitudinal AC was increased with increasing field intensity,because non-propagating local depolarization would be limited near the both ends of the muscle and depolarized region would be expanded with increasing intensity.Furthermore, sodium removal or the application of tetrodotoxin reduced both the early and late contractions.From these results it was concluded that the early contraction was generated by spike potentials and the cause of the late contraction was local responses.Thus,it is obvious that the sodium-dependent regenerative depolarization,including local response,are responsible for the tension development during AC or SP stimulation.The situation was the same in SP stimulation as AC for the mechanical responses as well as electrical changes in membrane.But the late contraction generated by SP was far smaller than that by AC,because only a half of the membrane toward the cathod should be depolarized by SP.Of course,the brief pulse with the duration of 1msec is much more difficult to generate local response than the pulse with the duration of 10msec.This is the reason why 50c/sec AC is more effective than 1. The mechanical response of frog's semitendinosus muscle generated by AC or SP at various frequencies and intensities were studied,referring to the electrical changes in membrane potential described in the previous paper. 2. The AC stimulation generated the early tetanic contraction due to pro-
